Mononucleosomes released from Dictyostelium discoideum chromatin by micrococcal nuclease contained two distinctive DNA sizes (166-180 and 146 bp). Two dimensional gel electrophoresis suggested a lysinerich protein protected the larger mononucleosomes from nuclease digestion. This was confirmed by stripping the protein from chromatin with Dowex resin. Subsequently, only the 146 bp mononucleosome was produced by nuclease digestion. Reconstitution of the stripped chromatin with the purified lysine-rich protein resulted in the reappearance of the larger mononucleosomes. Two-dimensional gel electrophoresis showed the protein was associated with mononucleosomes. Hence, the protein functions as an HI histone in bringing the two DNA strands together at their exit point from the nucleosome. Trypsin digestion of the lysinerich protein in nuclei resulted in a limiting peptide of approx. 10 kilodaltons. Trypsin concentrations which degraded the protein to peptides of 12-14 kilodaltons and partially degraded the core histones did not change the DNA digestion patterns obtained with micrococcal nuclease. Thus, the trypsin-resistant domain of the lysine-rich protein is able to maintain chromatosome structure.
INTRODUCTION
The primary binding sites for histone HI are located on both ends of the nucleosomal DNA (1) (2) (3) (4) (5) . The molecule of HI appears to stabilize a DNA fragment capable of two complete turns around the histone core, contributing to the stability of this 166 base pair particle ("chromatosome") during micrococcal nuclease digestion (6, 7) . When Hi is absent or lost, digestion leads ultimately to the production of the resistant nucleosome core particle with 146 bp of DNA. Hi appears to protect 10 bp of at each end of the core particle (6) (7) (8) . This is supported by cross-linking (4, 5) and electron microscope studies (9) . Hi is also vital for the higher-order structure of chromatin (9) (10) (11) (12) (13) , although its location in the 300 A fiber is not yet clear (14) (15) (16) .
Nucleosome structure may also be modified by the HMG proteins, which are low molecular weight, salt extractable (0.35 M NaCl) and soluble proteins (reviewed in 17). They resemble one another in being lysine-rich (19-24%) and possessing a high content of acidic amino acids (18, 19) .
No basic nuclear proteins with an amino acid composition corresponding to histone HI have been found in yeast (20) or Dictyostelium (21, 22) . We have isolated a perchloric acid soluble protein from Dictyostelium discoideum which is lysine-rich (19.6%) and present at a concentration to be expected for an HI histone (21, 22) . However, this lysine-rich protein resembles the HMG proteins in its solubility in chaotropic agents (eg. 2% TCA) and in having 20.5% acidic amino acids. Lysine-rich, major nucleoproteins containing between 14 and 19% glutamic and aspartic acids have been described in Physarum polycephalum (23) (24) (25) (26) . Similar proteins isolated from Saccharomyces cerevisiae have been called HMG proteins (27, 28) or HI (29) (30) (31) (32) (33) (34) (35) , although their role in chromatin is unknown. Neurospora crasse HI contains 15.7% acidic amino acids (32) .
The DNA of D.discoideum is organised into nucleosomes (33-40) and we wished to discover whether the lysine-rich protein was involved in the structure of the 100 A fiber. We had observed that mononucleosome populations obtained by micrococcal nuclease digestion contained two DNA sizes, one equivalent to the core (146 bp) and the second somewhat larger (166-180 bp) (33, (35) (36) (37) (38) . One interpretation was that the larger sized particles carried a protein resembling HI in function. Nevertheless, in the absence of HI the core histones alone are capable of organising DNA longer than the 146 bp of the core particle (41) (42) (43) . We initially examined the protein composition of the two monomer particles. We next studied the effects on nucleosome structure of stripping chromatin of the lysine-rich protein and of reconstituting this protein back onto the stripped chromatin. Finally, we treated nuclei with trypsin to determine the effects of lysine-rich protein degradation on nucleosome structure.
MATERIALS AND METHODS
Dictyostelium discoideum cells (strain Ax-3) were grown in Hl-5 medium (21) . Cells were harvested at the end of the exponential growth phase (5-6x10 cells/ml). Nuclei were isolated as described (22) .
Lysine-rich protein was extracted from total histones using PCA (22) . A more rapid method involved stirring nuclei in 0.5 M PCA at 4°C for 30 min, centrifuging at 10,000 xg for 15 min, adding H2SO4 to the supernatant to a final concentration of 0.02 M and precipitating the lysine-rich protein with 10 vol. acetone at -20°C.
Nucleosomes were isolated by resuspending nuclei (ca 3x10 /ml) in 20mM Tris-HCl (pH 7.8) and incubating for 5 min with 150 units/ml micrococcal nuclease (Worthington) at 37°C. The reaction was stopped with 5 mM EDTA (pH 7.8 and cooled at 0°C. The suspension was dialized overnight at 4°C against 10 mM Tris/HCl (pH 7.8), 1 mM EDTA and 0.1 mM phenylmethyl-sulfonyl fluoride. The dialysate was centrifuged at 12 000 x g for 15 min and the supernatant contained mononucleosomes and oligonucleosomes of various sizes. Glycerine (10%) was added to the nucleosome suspension before loading on a 2.5% acrylamide/0.5% agarose vertical slab gel (1 mm thick). The gel and running buffer was 20 mM Tris-HCl, 10 mM sodium acetate, 1 mM EDTA (pH 7.8) and electrophoresis was carried out at 80-100 V for ca 3 h at 4°C. The gels were stained with ethidium bromide and photographed. Strips were cut from the first dimensional gel and equilibrated for 10 min in 0.1% SDS, 0.025 M Tris and 0.192 M glycine (pH 8.3) and bromphenol blue. The strips were laid horizontally on 13.5% SDS-acrylamide gels containing 0.1% gelamide, prepared according to Laemmli (44) and including a stacking gel. Electrophoresis was for 4 h at 200 V and 4°C and gels stained with coomassie blue.
Proteins and DNA were extracted from first-dimension gels (3 mm thick) by cutting slices from relevant regions of the gel, pressing them through a syringe (lacking a needle) and incubating in 20 mM Tris (pH 7.8), 20 mM EDTA, 0.2 M NaCl and 1% SDS at 37°C for 60 min. Following centrifugation the supernatant was collected and extraction twice repeated. The supernatants were combined and phenol saturated with 20 mM Tris (pH 7.8), 20 mM EDTA added. DNA was recovered from the aqueous phase by precipitation with 2 vol ethanol. Protein was recovered from the phenol phase and interphase by adding HC1 to IN and 10 vol acetone. DNA and proteins were separated on gels as previously described (35, 36) .
Lysine-rich protein was stripped from oligonucleosomes using Dowex AG 50W-X2 (200-400) resin which had been converted to the Na + form and equilibrated with 10 mM Tris (pH 7.8), 1 mM EDTA. Oligonucleosomes were prepared and dialysed as above except digestion times with micrococcal nuclease were reduced to 30-60 sec. Following centrifugation of the dialysate, resin was slowly added to the supernatant (1 ml resin/mg DNA) with gentle stirring at 4°C. After 15 min stirring the resin was removed by centrifugation and fresh resin added. This was repeated four times or until all the lysine-rich protein had been removed.
Reconstitution experiments were carried out using Dowex resin stripped oligonucleosomes. Lysine-rich protein from P. discoideum or calf thymus HI histone (Boehringer) were solubilized in 0.5 M NaCl, 1 mM EDTA, 10 mM Tris + PMSF (pH 7.8) and added to the stripped oligonucleosomes (HI or lysine-rich protein: oligonucleosome protein, 1:10). The mixture was dialyzed against 0.5 M NaCl, 1 mM EDTA, 10 mM Tris (pH 7.8) until the added histone protein redissolved (2-4 h). Dialysis was then continued overnight against same buffer reducing NaCl to 0.1 M NaCl. The dialysate was centrifuged (12 000 xg, 10 min) and the supernatant digested with micrococcal nuclease (30 units/ml) following addition of CaCl2 to 2 mM. Samples were taken at various times, EDTA added and DNA extracted.
Trypsinization was carried out by incubating nuclei (ca. 1 x Q 10 /ml) in 10 mM Tris-HCl (pH 8.0), 150 mM NaCl, with various concentrations of trypsin (Type XI, Sigma). After 15 min at 20°C the reaction was stopped in ice or by adding excess of soybean trypsin inhibitor (Sigma). The reaction mixture was centrifuged (10 000 xg, 5 min) and the lysine-rich protein extracted from the sediment with PCA as described above. The effects of trypsin on mononucleosome structure were examined by resuspending the sediment in 1 ml 10 mM Tris-HCl (pH 8.0), 1 mM CaCl2, and incubating for various times with 75 units/ml micrococcal nuclease at 37°C. The reaction was stopped with 50 mM EDTA and the suspension incubated with 0.4 % SDS and 100 ug/ml proteinase K for 3h at 37°C. DNA was extracted in phenol-chloroform, treated with RNase and fragments separated on 6 % acrylamide gels.
RESULTS
When nuclei or nucleoli of D. discoideum are digested with micrococcal nuclease, DNA extracted and separated on polyacrylamide-agarose gels, a typical "nucleosomal ladder" is found (33) (34) (35) (36) (37) (Fig. la) . The mononucleosome region consists of two DNA bands, one containing DNA of ca. 146 bp, the second ranging from 166-180 bp depending on digestion times (Fig. la, see also Figs. 3 and 8) (33) (34) (35) (36) (37) . Presumably the two sizes reflect differences in protein content, so we initially attempted to separate these two mononucleosomes and compare the protein associated with them. The nucleosomes could be separated on non-denaturing gels (Fig.  lb) and non-histone proteins as well as core histones remained associated with them (35) . A second-dimension SDS gel was used to detect differences in the protein patterns of the different nucleosome sizes (Fig. 2) . The most obvious difference in the mononucleosome region is the distribution of the lysine-rich protein, which is absent from the more rapidly migrating mononucleosomes.
These results suggested the two mononucleosome sizes may result from the presence or absence of the lysine-rich protein. We checked this by dissecting the mononucleosome region of the non-denaturing gel and extracting DNA and protein from the small slices. Lysine-rich protein was present in mononucleosomes in gel slices 1 and 2 (slower migrating mononucleosomes), but was lacking in slices 3 and 4 (Fig. 3a) . The latter coincided with the disappearance of the larger mononucleosome DNA fragments (Fig. 3b ).
Since differences in other proteins also occur between gel slices 3N 2N 1-2 and 3-4/ we examined the effects on mononucleosome size of removing and reconstituting the lysine-rich protein.
A number of methods (eg. various salt concentrations, tRNA, low pH) were tried to remove the lysine-rich protein from oligonucleosomes, however only the Dowex resin treatment was successful. The resin also removed most of the non-histone proteins and some of the core histones. After 3-4 resin treatments the fraction consisted largely of nucleosomes containing only the core histones (Fig. 4) .
When resin-stripped oligonucleosomes were further digested with micrococcal nuclease only the smaller (146 bp) mononucleosome was obtained (Fig. 5) . This indicated that the proteins protecting the DNA of the larger mononucleosome from digestion had been removed by the resin. Since the lysine-rich protein was the most likely candidate for the protecting protein, it was purified and reconstituted onto the stripped oligonucleosomes. Its subsequent association with the nucleosomes was checked by digesting the reconstituted oligonucleosomes with micrococcal nuclease and separating the different nucleosome sizes Fig. 3 . Distribution of DNA fragments and proteins in the mononucleosome region of non-denaturing gels (see Fig. lb ). The mononucleosome region was dissected into four segments and DNA and protein extracted. Numbering of the slices (1-4) was from top to bottom, (a) Protein (10% acrylamide SDS gel; coomassie blue staining), (b) DNA (5.5% aerylamide; ethidium bromide staining). Lane 5: marker (pBR322 cut with Mspl, sizes in base pairs).
with gel electrophoresis. The lysine-rich protein was seen to have rebound to the nucleosomes (Fig. 6a, b) .
When reconstituted oligonucleosomes were digested with micrococcal nuclease the DNA fragment (168-170 bp) associated with the larger mononucleosomes reappeared (Fig. 5) .
Identical results were obtained when reconstitution was carried out with calf thymus histone HI (Figs. 5, 6b) .
The trypsin-resistant central domain of vertebrate HI is able to protect the chromatosome length DNA (45) . In order to ascertain whether the P. discoideum lysine-rich protein contains a similar domain, we incubated nuclei with various trypsin concentrations and extracted peptides derived from the lysine-rich protein with PCA. Under the conditions used, a trypsin concentration of 2 ug/ml degraded (1) Control (non-stripped); (2-4) stripped oligonucleosomes; (5,6) stripped oligonucleosomes reconstituted with lysine-rich protein; (7) stripped oligonucleosomes reconstituted with calf thymus HI histone. In the experiment shown in (2) a small amount of 166 bp DNA appears to be present; generally this fragment was not observed, even after mild nuclease digestion. the lysine-rich protein to peptides of between approx. 12-14 kilodaltons (Fig. 7B c) . Higher trypsin concentrations produced a somewhat smaller limiting peptide (approx. 10 kilodaltons) which did not give a sharp band on the gels (Fig. 7B d,e) . When purified lysine-rich protein was digested with trypsin in 0.5 M NaCl the same limiting peptide was obtained (not shown).
The effects of trypsinization of nuclei on mononucleosome struc- ture was examined. As expected from the results shown in Fig. 7B , after treatment with 2 ug/ml trypsin the majority of lysine-rich protein had been degraded (Fig. 7Ac) . However, the core histones were also degraed (Fig. 7Cb) . The core histones of P. discoideum have not yet been characterized. Nevertheless, the fastest migrating protein reacts with anti-H4 antibodies (unpublished results) and, as expected, is the most resistant to trypsin digestion (Fig. 7C) . Following trypsin digestion the nuclei were treated with micrococcal nuclease. Although Fig. 8 . Effects of trypsin digestion of nuclei on nucleosome structure. DNA fragments were separated on 6% acrylamide gels and stained with ethidium bromide, (a-c) Nuclei digested with 2 ug/ml trypsin (same nuclei as shown in Fig. 7 ) and treated with micrococcal nuclease (75 units/ml) for 1, 2 and 5 rain, (d) Nuclei digested with 5 ug/ml trypsin and treated with micrococcal nuclease for 1 min. M; marker, sizes in base pairs.
2 ug/ml of trypsin digested most of the lysine-rich protein to low molecular weight peptides, the chromatosome-length DNA was still produced by micrococcal nuclease digestion (Fig. 8a-c) . The kinetics of the appearance of the two mononucleosomal DNA bands did not differ from non-trypsinized controls (not shown). Trypsinization did result in the appearance of a 160 bp DNA fragment (Fig. 8a,b) , which may derive from partial opening of the chromatosome. Higher trypsin concentrations (5 ug/ml), which degraded even the putative H4 histone (Fig. 7C,  c) , resulted in the loss of chromatosomes and changes in the pattern of micrococcal nuclease cutting within the core particle DNA (Fig. 8d) .
DISCUSSION
Following digestion of D. discoideum nuclei and nucleoli with micrococcal nuclease, two populations of mononucleosomes are produced (23, (25) (26) (27) (28) . One population containing 146 bp DNA corresponds to the core particle found in all eukaryotes. The second population contains DNA more variable in size (166-180 bp) and can be correlated with the "chromatosome" (166 bp) plus various lengths of linker DNA (1) (2) (3) . HI can protect the chromatosome from nuclease digestion in higher eukaryotes (6, 7) , although core histones alone (possibly due to the binding of histone H3 to the 3'-terminal of 165 and 175 bp of nucleosomal DNA (2,4)) may suffice (28) (29) (30) . The presence of the two clearly defined mononucleosome particles in D. discoideum provided a means for identifying proteins with a function similar to HI. In particular, we wished to discover if the lysine-rich protein previously isolated (21, 22) was implicated.
The two mononucleosome populations could be separated on nondenaturing polyacrylamide-agarose gels. Two-dimensional gel electrophoresis indicated a protein corresponding to the lysine-rich protein was associated with the larger but not the smaller monunucleosomes. This was checked by cutting thin slices from the non-denaturing gel and extracting the proteins and DNA. A positive correlation between the presence of the lysine-rich protein and the 166-180 bp DNA was observed.
Although the major difference between the two mononucleosome populations was the presence or absence of this protein, differences in some minor proteins also occurred. Consequently, to assure that the lysine-rich protein was responsible for the protection against micrococcal nuclease, we carried out reconstitution experiments. Oligonucleosomes could be stripped of their lysine-rich protein and nonhistone proteins using Dowex resin. When stripped oligonucleosomes were digested with micrococcal nuclease, only the lower (146 bp) core nucleosome was produced. However, when purified lysine-rich protein was reconstituted onto the oligonucleosomes, micrococcal nuclease digestion produced both the core and chromatosome-like mononucleosomes. An identical result was obtained following reconstitution with calf thymus HI histone.
The results demonstrate that the lysine-rich protein from D. discoideum resembles histone HI from higher eukaryotes (45) in bringing the two DNA strands together at their exit point from the nucleosome. Thus, both proteins bind to DNA at a point of crossover between the two strands, thereby closing two full turns of DNA in the nucleosome.
HI also affects the conformation of the core particles (46, 47) . The intranucleosomal cutting position resulting in a DNA fragment of 92 bp was absent from at least a part of the P. disoideum mononucleosomal population lacking the lysine-rich protein (Fig. 3a) . However, this apprent conformation change may result from association of a second protein (40 kd) with nuclease sensitive nucleosomes (paper in preparation). Ishimi et al. (48) found that when Hl-depleted calf thymus chromatin was digested with micrococcal nuclease, DNA of 105 bp was detected. However, in chromatin containing HI or reconstituted with the carboxy-terminal half of HI, this region was protected from digestion. We found no such changes in D. discoideum nucleosomes.
A doubling of the amount of HI per nucleosome octomer (eg. from 0.8 to 1.6) or HI plus H5 at a ratio of 1.6 per octomer can shift the barrier of digestion from 166 bp to 17 8-180 bp (49-51) suggesting a second HI binding site on the nucleosome. Although we reconstituted with both calf thymus HI and P. discoideum lysine-rich protein in excess, no increase in binding to nucleosomes and consequent shift in the size of the digestion barrier was observed. This suggests the core histones may specify the number of HI binding sites since these histones in P. discoideum differ considerably from higher eukaryotes (21, 22) .
The lysine-rich protein of P. discoideum also contained a region that was protected from digestion when either nuclei or the purified protein were incubated with trypsin. Evidence that the globular domain of HI protects chromatosome length PNA comes from reconstitution experiments with limiting peptide obtained by trypsin digestion (45) . We decided to digest the lysine-rich protein in situe in the nuclei and examine the effects on nucleosome structure. A trypsin concentration that degraded the majority of lysine-rich protein to peptides of 12-14 kilodaltons did not change the pattern of DNA fragments obtained following micrococcal nuclease digestion. These peptides were slightly larger than the limiting peptide (approx. 10 kilodaltons). Nevertheless, the results suggest the trypsin-resistant domain of the protein is capable of closing two full turns of DNA in the nucleosome. Partial degradation of the histones (with the exception of the putative H4) had also occurred. Trypsin digestion of nucleosomes removes only the accessible amino-terminal tails of vertebrate core histones (57) (58) (59) . These trypsinized nucleosomes and nucleosomes reconstituted with trypsin-digested core histones (60, 61) resemble untreated nucleosomes in many of their properties. Moreover, yeast H2b can function in vivo even with large deletions in its amino terminus (62) . At higher trypsin concentrations, which further degraded all D. discoi,dgnTg core histones, the chromatosomal DNA and typical core DNA fragments were no longer detected.
Hence, the lysine-rich protein from D. discoideum may also resemble vertebrate HI histone in possessing a central structural domain which seals off the two turns of DNA on the nucleosome. Clearly, the next step will be to compare the amino acid sequences of the two proteins.
